The nuclear PA28γ is known to activate the 20S proteasome, but its precise cellular functions remains unclear. Here, we identify PA28γ as a key factor that structures heterochromatin. We find that in human cells, a fraction of PA28γ-20S proteasome complexes localizes within HP1-linked heterochromatin foci. Our biochemical studies show that PA28γ interacts with HP1 proteins, particularly HP1β, which recruits the PA28γ-20S proteasome complexes to heterochromatin. Loss of PA28γ does not modify the localization of HP1β, its mobility within nuclear foci, or the level of H3K9 tri-methylation, but reduces H4K20 mono-and trimethylation, modifications involved in heterochromatin establishment. Concordantly, using a quantitative FRET-based microscopy assay to monitor nanometer-scale proximity between nucleosomes in living cells, we find that PA28γ regulates nucleosome proximity within heterochromatin, and thereby controls its compaction. This function of PA28γ is independent of the 20S proteasome. Importantly, HP1β on its own is unable to drive heterochromatin compaction without PA28γ. Combined, our data reveal an unexpected chromatin structural role of PA28γ, and provide new insights into the mechanism that controls HP1β-mediated heterochromatin compaction.
Introduction
Proteasome-mediated protein degradation is a central pathway that controls the stability and the function of numerous proteins in diverse cellular processes (Collins & Goldberg, 2017) . To be fully activated, the catalytic core, called the 20S proteasome, combines with different regulator/activator complexes, thereby creating a family of proteasome complexes (Rechsteiner & Hill, 2005) . The best understood form of the proteasome is the 26S proteasome, composed of the 20S core proteasome and the 19S regulator, which degrades poly-ubiquitylated proteins in an ATP-dependent manner (Bard et al, 2018; Collins & Goldberg, 2017) .
The homo-heptamer PA28γ (also known as REGγ or Ki antigen) constitutes another important regulator of 20S proteasome (Ma et al, 1992; Mao et al, 2008; Wilk et al, 2000) .
PA28γ is strictly nuclear in mammalian cells and appears essential for cell growth and proliferation, as suggested by the decrease in body size of PA28γ knockout mice (Barton et al, 2004; Murata et al, 1999) . Consistent with this, a limited number of proteins, whose ubiquitin-and ATP-independent degradation is mediated by PA28γ, have been identified and many of them are involved in the control of cell proliferation such as the CKIs (p21, p19, p16) or Myc (Chen et al, 2007; Li et al, 2007; Li et al, 2015) . In addition, PA28γ might play a role in nuclear organization since it has been involved in the dynamics of various nuclear bodies, including Cajal bodies (Cioce et al, 2006; Jonik-Nowak et al, 2018) , nuclear speckles (Baldin et al, 2008) , and promyelocytic leukemia protein bodies (Zannini et al, 2009 ), as well as in splicing factors trafficking (Baldin et al, 2008) . A potential role of PA28γ in chromatin has been also proposed since it has been linked to chromosome stability (Zannini et al, 2008) and DNA repair (Levy-Barda et al, 2011) .
It is now well established that proteasome components are associated with chromatin and enriched at specific sites in the genome (Geng & Tansey, 2012) . Notably, they are specifically recruited during transcription or in response to DNA damage, thereby suggesting a direct role for chromatin-associated proteasome complexes in genomic processes (McCann & Tansey, 2014) .
Chromatin compaction is necessary for genome functions. It mainly involves two distinct chromatin states. Whereas euchromatin is a relaxed state, and generally transcriptionally active, heterochromatin corresponds to the highly compacted state. Abound in repetitive sequences such as satellite repeats, transposable elements and ribosomal DNA (Janssen et al, 2018; Lippman et al, 2004; Nishibuchi & Nakayama, 2014; Saksouk et al, 2015) , heterochromatin is paramount to the stability of eukaryotic genomes. Loss of control over these repetitive regions can lead to transcriptional perturbation and DNA recombination, events all at the root of oncogenic transformation (Ayarpadikannan & Kim, 2014; Klement & Goodarzi, 2014) .
Heterochromatin Protein-1 (HP1)-linked heterochromatin is associated with high levels of trimethylation of histone H3 lysine 9 (H3K9me3) (Martin & Zhang, 2005; Saksouk et al, 2015) and of histone H4 lysine 20 (H4K20me3) (Beck et al, 2012; Oda et al, 2009; Schotta et al, 2004) . In this context, two proteins of the HP1 family (Nielsen et al, 2002; Thiru et al, 2004) , HP1α and β, are recruited through their binding to H3K9me3, and participate to the folding of chromatin into higher-order structures (Bannister et al, 2001; Lachner et al, 2001; Machida et al, 2018; Maison & Almouzni, 2004 ). An intriguing point is the presence of both highly dynamic and stable HP1 populations within heterochromatin (Cheutin et al, 2003) .
Recent reports identify a liquid phase-like HP1 population that generates a phase transition dynamic compartment surrounding the stable chromatin-bound HP1 fraction (Larson et al, 2017; Strom et al, 2017) . Such a compartmentalization mechanism may facilitate the access of proteins, and their rapid exchange, necessary for the dynamic structural changes of heterochromatin during cell cycle progression and in DNA damage response. Thus, it has been suggested that HP1 would act as a platform that selectively favors concentration of different proteins to fulfill their chromatin-related functions (Grewal & Jia, 2007) . However, the mechanism by which HP1 folds chromatin-containing H3K9me3 into higher-order structures has not been fully elucidated.
By studying the localization of the 20S proteasome in human cells, we show that a fraction of PA28γ-20S proteasome complexes accumulates into HP1-rich foci. Subsequent investigations into the potential role played by PA28γ-20S proteasome complexes in these foci revealed that PA28γ is an important HP1-dependent factor that promotes heterochromatin compaction, independently of the 20S proteasome.
Results

A fraction of PA28γ-20S proteasome complexes localizes to HP1β-linked heterochromatin foci.
To investigate the subcellular location of the 20S proteasome in human cells, we established an U2OS cell line expressing an inducible alpha 4 (α4) protein, one of the subunits of the 20S proteasome (Appendix Fig S1A) , fused with GFP (α4-GFP). Biochemical characterization of this cell line demonstrated that the α4-GFP subunit was correctly incorporated into the 20S and 26S proteasomes (Appendix Fig S1B-C) . We found that these α4-GFP-containing complexes were proteolytically active in a proteasome activity assay, using classical fluorogenic peptides as substrates (Appendix Fig S1D) .
As observed for the endogenous α4 protein (Appendix Fig S1E) , ectopic α4-GFP was detected throughout the cell, with an accumulation in the nucleoplasm. However, it was also present in nuclear foci ( Fig 1A) , a figure that is usually not seen by immunostaining of 20S proteasome subunits. A similar confined nuclear location in foci was observed in U2OS cells expressing an α4 subunit without any tag protein, thus excluding a potential mislocalization due to the fusion with the GFP moiety (Appendix Fig S1E) . Co-immunostaining experiments showed that other subunits of the 20S proteasome, such as α6, were detected in α4-GFP foci as well ( Fig 1B) , reflecting the presence of the entire 20S proteasome. Interestingly, in addition to the 20S proteasome, we detected PA28γ ( Fig 1B) , one of the activators of the 20S proteasome, but not the 19S complex, as shown by the absence of accumulation of Rpt6 subunit within α4-GFP foci ( Fig 1B) . Combined, these findings reveal a particular nuclear localization of PA28γ-20S proteasome complexes.
Visualization of α4-GFP in living U2OS cells, by time-lapse video microscopy, revealed that these nuclear foci were dynamic as their appearance fluctuated throughout the cell cycle (EV1-Movie). α4-GFP was diffused during mitosis, starting to assemble into foci whose number and size gradually increased during interphase. In order to define the timing of the foci formation, we determined the percentage of cells presenting α4-GFP foci at different cell cycle stages. While in asynchronously growing cells (AS), α4-GFP foci were detected in ∼30% of cells, the percentage dropped to ∼9 % in cells arrested at the G1 to S transition, by hydroxyurea treatment (Fig 1C, upper graph) . We observed that the number of cells with α4-GFP foci increased in mid-S phase (4h after release) to reach a percentage similar to asynchronous cells 6 hours after the release (late-S/early-G2 phases) ( Fig 1C, lower graph ).
An important point was to define the nature of the nuclear foci highlighted by α4-GFP expression. Among different proteins forming nuclear foci, we focused our attention on a member of the HP1 family, HP1β, reported to accumulate in heterochromatin-associated foci with a characteristic peak in late-S/early-G2 phases (Dialynas et al, 2006) , a cell cycle distribution highly similar to that of α4-GFP foci. Indirect immunofluorescence was performed against HP1β protein. This revealed co-localization between α4-GFP and HP1β in these foci ( Fig 1D) . This finding was strengthened by immunoblot analysis of anti-PA28γ or anti-GFP pull-down experiments in U2OS-α4-GFP cell extracts, in which we detected the presence of HP1β in complexes with PA28γ and the 20S proteasome ( Fig 1E) . Therefore, we conclude that α4-expression allows the detection from mid-S phase to G2 phase of PA28γ-20S proteasome complexes in heterochromatin-associated nuclear foci that contain HP1β proteins.
Endogenous PA28γ and 20S proteasome complexes interact with HP1β.
Classical 20S proteasome or PA28γ immunostaining of U2OS cells only reveal a diffuse distribution within the nucleus (Appendix Fig S1E, Fig 3E and Fig 4A, respectively) . Therefore, the foci evidenced above only appear upon α4 overexpression, whether the protein is tagged or not. We hypothesized that this phenomenon was due to the amplification of a natural process, which most likely occurs in normal cells and which is exacerbated upon α4 overexpression. To test this hypothesis, we asked whether the endogenous 20S proteasome and PA28γ complexes co-localize and interact with HP1 proteins. For this, we used the in situ Proximity-Ligation Assay (is-PLA), which allows the detection of interactions between two proteins only if in a close proximity to each other (less than 40 nm) in cells (Soderberg et al, 2006) . Using both PA28γ and HP1β antibodies, is-PLA revealed a characteristic dots pattern throughout the nuclei of U2OS cells (Fig 2A, upper left panel) , strongly supporting the interaction of the two proteins. Silencing of PA28γ expression with siRNAs abolished the PLA dots, demonstrating the specificity of the PLA signal (Fig 2A, lower left panel) .
Quantification of the number of PLA dots per nucleus (see Materials and methods) indicated on average 37 dots versus 1.4 per nucleus, in presence and absence of PA28γ respectively (Fig 2A, bar graph ). Using the same approach, we monitored interactions between PA28γ and HP1α and found an average of 15 dots per nucleus (Appendix Fig S2A) , many fewer than for PA28γ/HP1β, indicating that PA28γ interacts with both HP1α and HP1β in cells. Hence, in our subsequent studies on the relationship between PA28γ and HP1 proteins, we decided to focus on HP1β. We also checked a potential co-localization/interaction between the 20S proteasome and HP1β by is-PLA, using antibodies against the α4 subunit of the 20S proteasome. This showed a specific co-localization/interaction between the proteins, with on average 50 dots per nucleus ( Fig 2B, left panel) , validated by the silencing of HP1β using siRNAs ( Fig 2B, bar graph) . Furthermore, immunoblot analysis of immunoprecipitation experiments, using anti-PA28γ on whole-cell extracts of U2OS cells, confirmed the interaction of HP1β with PA28γ ( Fig 2C) . Taken together, these results demonstrate that PA28γ and the 20S proteasome interact with the conserved heterochromatin-specific protein HP1β.
Recently, we identified an important regulator of PA28γ, the protein PIP30, which affects PA28γ interactions either positively with the 20S proteasome or negatively with coilin (Jonik-Nowak et al, 2018) . We therefore asked whether PIP30 is recruited in heterochromatic foci as well and might control the interaction between PA28γ and HP1β. We found that endogenous PIP30 co-localized with α4-GFP ( Fig EV1A) but that its depletion, by siRNA in U2OS-α4-GFP cells, had no influence on the number of cells with α4-GFP foci ( Fig EV1B) . By analyzing the interaction of PA28γ with HP1β in wild-type and PIP30 knock-out (KO-PIP30) U2OS (Jonik-Nowak et al, 2018) cells using is-PLA, we also observed no difference in the number of PLA-dots between PA28γ and HP1β ( Fig EV1C-D) . We concluded from these findings that although PIP30 is present in HP1-associated foci, it does not regulate the recruitment of the 20S proteasome into these foci, and it does not control the interaction between PA28γ and HP1β.
PA28γ controls heterochromatin compaction, independently from its interaction with the 20S proteasome.
The presence of PA28γ-20S proteasome complexes in HP1-associated heterochromatin foci and the interaction between PA28γ and HP1β prompted us to assess whether these complexes could play a role in chromatin compaction. To this end, we performed quantitative
FLIM-FRET (Fluorescence Lifetime Imaging Microscopy-Förster Resonance Energy
Transfer) measurements of chromatin compaction at the nanometer-scale in single living cell.
Using HeLa cells that stably co-express histone H2B-GFP and mCherry-H2B (HeLa H2B-2FPs ), FRET was measured between fluorescent protein-tagged histones incorporated into separate nucleosomes, where an increase in FRET efficiency corresponds to an increase of chromatin compaction (Lleres et al, 2009 ). We first established stable CRISPR/Cas9 PA28γ knockout HeLa cell lines, expressing either H2B-GFP alone (HeLa H2B-GFP -KO-PA28γ) or both H2B-GFP and mCherry-H2B (HeLa H2B-2FPs -KO-PA28γ) ( Fig 3A) . We then examined the levels of nanoscale chromatin compaction in asynchronous cells by measuring the FRET efficiency in parental and KO-PA28γ cells. As shown in Figure 3B , the deletion of PA28γ led to a lower FRET efficiency in cells as illustrated on representative images of colored map of FRET efficiency, red-orange regions corresponding to high FRET were less abundant within nuclei. This effect was confirmed by the mean FRET efficiency percentage that shows a major reduction in the level of chromatin compaction compared to the wild-type (WT) HeLa cells. Furthermore, when PA28γ was stably re-expressed in PA28γ-depleted HeLa H2B-2FPs cells (two different clones were selected named KO/KI-WT#6 and # 8) at a level comparable to endogenous level ( Fig EV2A) , we observed that the mean FRET percentage reached a value similar to the value measured in WT cells ( Fig EV2B) , indicating the restoration of chromatin compaction. By comparing the FRET distribution profiles from individual nuclei in both WT and KO-PA28γ cell lines, we observed upon loss of PA28γ a marked reduction of the peak of FRET percentage corresponding to the high level of chromatin compaction ( Fig 3C) . In contrast, the low-FRET population corresponding to chromatin regions with the lowest degree of chromatin compaction remained unaffected. This result shows that PA28γ plays an important role in controlling chromatin compaction and potentially heterochromatin, recently shown to be organized into a nanoscale-compacted architecture in vivo (Lleres et al, 2017) .
To confirm the results obtained from the FLIM-FRET assay and to further ask whether PA28γ regulates heterochromatin compaction, we used a previously described U2OS cell clone (F42B8) carrying lacO DNA repeats stably integrated within constitutive heterochromatin, at a peri-centromeric region (Jegou et al, 2009 ). This lacO array forms a single heterochromatic locus that can be visualized in cells following the transient expression of the GFP-LacI construct. To examine the effect of PA28γ depletion, we first transfected these cells with si-RNAs PA28γ (si-PA28γ) or luciferase (si-Luc), and then transiently transfected them with GFP-LacI construct. The efficiency of si-PA28γ was verified by immunoblot ( Fig 3D) and changes in heterochromatin compaction state were monitored 48 hours post-transfection by fluorescence microscopy ( Fig 3E) . Targeting GFP-LacI to the LacO repeat array allowed us to detect the condensed state of the locus. It appeared as a small dot with a surface area that was not significantly affected by the transfection of si-Luc (0.44 ± 0.011 µm 2 vs 0.37 ± 0.052 µm 2 in control cells). In contrast, upon PA28γ knock-down we observed a significant increase of the GFP-LacI dot surface area (0.64 ± 0.014 µm 2 ). This corresponds to an expansion of the surface area occupied by the LacO DNA repeat (1.73 fold as compare to control cells) due to heterochromatin decompaction ( Fig 3E-F) . These data are consistent with the loss of compaction affecting heterochromatin in the absence of PA28γ as observed in the FLIM-FRET assay.
We next investigated the involvement of the 20S proteasome itself in heterochromatin compaction. For this, we used a mutant of PA28γ deleted from its last C-terminal 14 amino acids (called ΔC), which is unable to bind and therefore to activate the 20S proteasome (Ma et al, 1993) (Zannini et al, 2008) . We stably expressed this mutant in HeLa H2B-2FPs -KO-PA28γ cells (named KO/KI-ΔC) at an expression level comparable to that observed in WT cells ( Fig   EV2C) . The inability of this PA28γ-mutant to bind the 20S proteasome was confirmed by coimmunoprecipitation and immunoblot analyses on total cell extracts of HeLa H2B-2FPs -WT, -KO-PA28γ, -KO/KI-WT and -KO/KI-ΔC cells, treated ( Fig 3G) or not ( Fig EV2D) with a catalytic inhibitor of the 20S proteasome (MG132) known to increase the association between PA28γ and 20S proteasome (Welk et al, 2016) . As illustrated in figures 3G and EV2D, the 20S proteasome was detected by the presence of its α4 subunit in PA28γ pull-downs of HeLa H2B-2FP cells WT and KO/KI-WT cell extracts, but not of KO/KI-ΔC and KO-PA28γ cell extracts. Chromatin compaction was then examined by measuring the FRET efficiency in living asynchronous cells. FRET efficiency was calculated and its spatial distribution throughout nuclei was depicted ( Fig 3H, left panel) . Interestingly, we found that the expression of PA28γ-ΔC mutant restored the chromatin compaction in PA28γ-KO cells leading to a FRET efficiency value (24.7%) similar to the one observed in WT cells (23.03%) ( Fig 3H, bar graph) . These results demonstrate that the compaction of heterochromatin requires PA28γ, but not its interaction with the 20S proteasome.
HP1β is required to recruit PA28γ to heterochromatin foci.
We then wondered whether HP1β is responsible for the recruitment of PA28γ and 20S proteasome to heterochromatin foci. To test this possibility, we used the U2OS cells expressing α4-GFP. After depletion of HP1β by siRNA in these cells ( Fig 4A and Appendix Fig S2B) , we observed a significant decrease in the percentage of cells containing α4-GFP foci (∼14%) compared to the control cells (∼36%) ( Fig 4A, bar graph) . Importantly, we noted that PA28γ was not recruited to identifiable nuclear foci in the absence of HP1β as well. This indicates that HP1β is required for the recruitment of PA28γ and the 20S proteasome to heterochromatin-associated foci.
We then investigated whether PA28γ and the 20S proteasome were recruited into heterochromatin foci together or independently from each other. For this, we used si-PA28γ in U2OS-α4-GFP cells ( Fig 4A) Fig S2C) . In both experimental setups, we observed in the absence of PA28γ a significant decrease in the percentage of cells with α4-GFP foci compared to control cells ( Fig 4A-B) . These observations indicate that the recruitment of the 20S proteasome to heterochromatin foci requires the presence of PA28γ.
PA28γ depletion does not modify HP1β dynamics, but affects H4K20 methylation.
Since we found that a fraction of PA28γ and the 20S proteasome interacts with HP1β and localizes in heterochromatin foci, we next evaluated the consequences of depleting PA28γ on HP1β-associated nuclear foci. We observed no significant difference with either endogenous HP1β or ectopically expressed GFP-HP1β proteins by comparing WT and KO-PA28γ U2OS cells ( Fig 4C) . To consolidate this result, we examined the levels of H3K9me3, a hallmark modification for HP1 binding and heterochromatin formation (Maison & Almouzni, 2004; Saksouk et al, 2015; Trembecka-Lucas et al, 2013) . No change in the steady-state level of H3K9me3 was observed in KO-PA28γ cells compared to WT cells ( Fig 4D) . We also analysed whether HP1β mobility is altered in absence of PA28γ within HP1 β nuclear foci.
For that, we measured the mobility of GFP-HP1β by fluorescence recovery after photobleaching (FRAP) in U2OS-WT or -KO-PA28γ cells ( Fig EV3) . We observed that the mobile fraction of HP1β (96%) was identical in both cell lines, and that the dynamics of HP1β, evaluated by the measure of the half-time recovery (τ 1/2 ) was unchanged in WT-and KO-PA28γ-U2OS cells (τ 1/2 = 0.49 ±0.17 and 0.46 ± 0.16 s, respectively). Together, these results indicate that PA28γ does not control the location and dynamics of HP1β in heterochromatic foci.
Besides the recruitment of HP1 proteins via histone H3K9 tri-methylation, methylation of histone H4 on lysine 20 (H4K20me) has been shown to be important for chromatin compaction (Shoaib et al, 2018) . Since tri-methylation of histone H4 (H4K20me3) is an evolutionarily conserved mark of heterochromatin (Balakrishnan & Milavetz, 2010; Beck et al, 2012; Schotta et al, 2004) , we tested whether PA28γ regulates this heterochromatic modification. Immunoblot analysis of total cell extracts showed that PA28γ depletion led to a decrease (∼20 %) in the steady-state level of H4K20me3 ( Fig 4E) . In the present context, this result was particularly interesting since it has been recently suggested that HP1β mediates a direct functional link with H4K20me3 (Bosch-Presegue et al, 2017). As H4K20me3 depends on the mono-methylation of histone H4 lysine K20 (H4K20me1) (Tardat et al, 2007) , we also analyzed the steady-state of H4K20me1. Immunoblot analysis revealed a strong reduction of H4K20me1 (∼40 %) ( Fig 4E) . These data suggest that PA28γ participates to the regulation of histone H4K20 methylation states necessary for heterochromatin compaction (Shoaib et al, 2018) . Altogether our results indicate that PA28γ acts downstream of HP1β.
PA28γ is required for HP1 to mediate heterochromatin compaction.
To further analyze the real contribution of PA28γ to chromatin compaction, we performed siRNAs mediated depletion of both PA28γ and HP1β proteins and analyzed the effects on chromatin compaction levels in HeLa H2B-2FPs cells by FLIM-FRET. The efficiency of the siRNAs knockdown was verified by immunoblot analyses, which showed that the expression level of each protein was drastically reduced ( Fig 5A) . We then examined the effects of the depletion of PA28γ, of HP1β and of both proteins together on FRET efficiency.
Determination of the mean FRET efficiency values showed a marked decompaction of chromatin upon PA28γ knock-down, that was strikingly more pronounced than the decompaction observed upon HP1β depletion ( Fig 5B) . As illustrated in figure 5C Taken together, our results show that PA28γ is a key factor required for heterochromatin compaction at the nanometer scale level, and that it acts downstream of HP1β ( Fig 6) .
Discussion
HP1 proteins regulate the establishment and maintenance of heterochromatin organization, but the mechanism by which HP1 proteins structure this H3K9me3-marked chromatin has not been fully elucidated. A key finding of this study is that PA28γ, a nuclear activator of the 20S proteasome, is an essential factor in the HP1β-dependent process of chromatin compaction.
We show that recruitment of PA28γ to heterochromatin foci occurs via its association with HP1β. Our study shows that PA28γ acts downstream of HP1β, and seems to mediate its function in heterochromatin compaction by regulating the levels of H4K20 methylation.
Under which circumstances PA28γ and the 20S proteasome are recruited via HP1β to heterochromatin foci? We found that, in human cells, the PA28γ-20S proteasome complex gradually concentrates into foci through mid to late S phase to G2 phase. This is reminiscent to the accumulation of newly-synthetized HP1β into constitutive heterochromatin foci whose formation has been shown to require passage through the S-phase (Dialynas et al, 2006) .
Considering this point, it is tempting to hypothesize that, following the progression of the replication fork and after PA28γ recruitment by HP1β, PA28γ might regulate the reestablishment of modifications on the newly incorporated histones on each of the daughter DNA strands. In favor of this hypothesis, no variation of the steady-state levels of H3K9me3, necessary for HP1β binding was observed. Rather, we find that depletion of PA28γ results in a significant decrease in H4K20me1, and to a lesser extent also of H4K20me3. This last point argues for a possible role of PA28γ in the regulation of these histone marks, by potentially facilitating the function of the lysine methyltransferase PR-Set7, responsible for H4K20 mono-methylation, and whose activity starts to peak in late-S phase/G2 (Beck et al, 2012) . Of course, such a hypothesis does not exclude that PA28γ functions in other processes in which partial dissociation and modification of nucleosomes occur.
The fact that the 20S proteasome, that bears the proteolytic activities, is not necessary for PA28γ-mediated chromatin compaction precludes any direct regulation of this process by PA28γ-dependent proteolysis event. Thus, one possibility that needs to be explored in future studies is whether, once recruited by HP1β, PA28γ might control H4K20me1 through Pr-Set7 recruitment, or by maintaining H4K20me1 methylation, and/or by recruiting complexes involved in chromatin remodeling. It is interesting to note that the PA28γ interactome contains two major interactors BRD9 and SMARCA4 (BRG1) (Jonik-Nowak et al, 2018) , which are two subunits of a newly defined ATP-dependent chromatin remodeling complex (ncBAF for non-canonical BAFs) (Alpsoy & Dykhuizen, 2018) . The physiological significance of these interactions in the new function of PA28γ in heterochromatin compaction remains to be determined.
Interestingly, recent studies show that HP1 has the capacity to form liquid-like droplets resulting from a liquid-liquid phase separation (LLPS) mechanism (Larson et al, 2017; Strom et al, 2017) . This could facilitate the enrichment and rapid exchange of various proteins required for heterochromatin compaction, and might thus stimulate PA28γ's interactions with other proteins required for heterochromatin compaction. In this context, it is important to underline that PA28γ is involved in the dynamics of various membrane-less nuclear bodies (Baldin et al, 2008; Cioce et al, 2006; Jonik-Nowak et al, 2018; Zannini et al, 2009) , also considered to be liquid-like protein droplet organelles (Erdel & Rippe, 2018; Sawyer et al, 2019) .
The reason behind the recruitment of 20S proteasome in heterochromatin-associated foci, is still an intriguing open question, since its interaction with PA28γ is not required for PA28γmediated chromatin compaction? In fission yeast, the 26S proteasome (i.e.: 20S proteasome associated to the 19S regulator complex) is involved in the control of heterochromatin spreading at centromeres (Seo et al, 2017) , and in the regulation of facultative heterochromatin formation (Seo et al, 2018) . Whether PA28γ-20S proteasome complexes are involved in this function in mammalian cell remains to be investigated. One other possibility, in line with a possible link with LLPS droplet organelle formation (Sawyer et al, 2019) , is that HP1β was also shown to be recruited at DSBs sites and to help to initiate the DNA damage response (DDR) by promoting chromatin changes (Ayoub et al, 2008; Bartova et al, 2017; Luijsterburg et al, 2009) . It is therefore possible that the 20S proteasome recruited via PA28γ into HP1β-heterochromatin foci serves as a reservoir that can be quickly mobilized at DNA damage sites to fulfil it proteolytic functions. It would therefore be interesting to investigate whether the mobilization of PA28γ to DNA damage sites also occurs via HP1β.
An appealing hypothesis, supported by our data, is that most of the functions identified so far for PA28γ such as maintenance of chromosomal stability (Zannini et al, 2008) , DNA repair (Levy-Barda et al, 2011) and control of rDNA transcription (Sun et al, 2016) , most likely occur as a result of its role in heterochromatin compaction. Although much remains to be understood regarding PA28γ biological functions in this process, our results implicate PA28γ as an important new factor required for HP1-mediated heterochromatin compaction.
Materials and methods
Plasmids
Human cDNA encoding the full-length of 20S proteasome subunit α4 (PSMA7), with or without final stop codon, was PCR amplified from a human fibroblast cDNA library and inserted into pcDNA 3 or pML1-EGFP (Baldin et al, 2008) . The cDNA coding α4-EGFP was then inserted into pTRE2 vector (Clontech). Human HP1β (CBX1) (Kowarz et al, 2015) . The resulting vector was co-transfected with pCMV(CAT)T7-SB100 (gift from Zsuzsanna Izsvak Addgene plasmid # 34879) in recipients cells and puromycin resistant single colonies selected for re-expression of PA28γ WT or ΔC proteins. pEGF-LacI (Jegou et al, 2009 ) was a generous gift of Karsten Rippe (DKFZ, Heidelberg, Germany).
Antibodies
The following antibodies were used at 1:1000 dilution for immunoblotting and 1-3 µg/ml for immunuprecipitation: anti-PA28γ (rabbit polyclonal BML-PW8190), anti-α4 (1:2000), anti- (1:10,000) were purchased from Molecular Probes and ThermoFisher Scientific, respectively.
Secondary antibodies conjugated to HRP were purchased from Bio-Rad SA (1:10,000) and GFP-TRAP-A® beads (ChromoTek).
Cell culture, transfections, synchronization and FACS analysis
HeLa (CCL-2) and U2OS (HTB-96) cells, obtained from ATCC, were grown in DMEM (Lonza) containing 4.5 g/L glucose, 10% heat inactivated fetal bovine serum (Biowest), 2mM glutamine, 100 U/ml penicillin and 10 µg/ml streptomycin (Lonza). U2OS Tet-off stable inducible cell line, expressing α4-EGFP, was established as previously described (Theis-Febvre et al, 2003) and cultured in medium supplemented with 250 mg/ml G418 (Sigma), 200 mg/ml hygromycin B (Calbiochem) and 2 mg/ml tetracycline (Sigma). α4-EGFP expression was induced for 24 to 36 hours in absence of tetracycline. U2OS-LacO (F42B8) cells (a generous gift of K. Rippe, DKFZ, Heidelberg, Germany) were grown in the same media that U2OS but containing G418 (500 mg/ml) (Jegou et al, 2009 ). Establishment and characterization of parental HeLa H2B-GFP and HeLa H2B-2FPs (H2B-GFP and mCherry-H2B) cell lines were previously described (Lleres et al, 2009 ). Of note after thawing cells are cultured one week before seeding for all experiments. 
FLIM-FRET analysis
FLIM-FRET experiments were performed in HeLa cells stably expressing H2B-GFP alone (HeLa H2B-GFP ) or with mCherry-tagged histone H2B (HeLa H2B-2FPs ). Cells were seeded at 5. 
Time-lapse video microscopy
U2OS-α4-GFP cells seeded on a-6-well plate were induced to expressed α4-GFP 24 hours before and imaged on an Olympus IX83 microscope with a 40x objective and equipped with Andor Zyla 4.2 sCMOS camera (van Dijk et al, 2018) . Both systems were driven by Metamorph software. Image were then processed with the imageJ package and saved in Avi Format Schneider, C.A., (Schneider et al, 2012) .
Immunofluorescence and is-PLA assays
Cells on coverslips were fixed in 3.7% paraformaldehyde/PBS at room temperature then permeabilized with 0.25% Triton-X100 in PBS, 5 min, followed by an incubation in cold methanol (100%) 10 min at -20°C. After washes with PBS, cells were blocked with 1% FCS/PBS for 15 min. Incubation with primary antibodies (anti-PA28γ 1:6,000 for BML-PW8190 or 1:1,000 for 611180); anti-α4, anti-α6, and anti-Rpt6/Sug1 (1:4,000 BML-PW8120, 1:1,000 BML-PW8100 and 1:1,000 BML-PW9265, respectively); anti-HP1α
(1:1,000, 2616S) used in is-PLA; anti-HP1β (1:1,000 8676S and 1MOD-1A9); anti-PIP30
( For in situ proximity ligation assays (is-PLA), cells on coverslips were fixed and permeabilized as above. Coverslips were then blocked in a solution provided by the Duolink® kit (Sigma). Cells were then incubated with mentioned antibodies as described above. before and after laser photobleaching, were extracted using the Leica software. Then, the quantitative analysis of FRAP raw experimental data was performed by using easyFRAP application software (Rapsomaniki et al, 2012) .
Immunoprecipitation and immunoblotting
For immunoprecipitation of GFP-fusion or endogenous proteins, cells were lysed in lysis buffer (50 mM Tris-HCl, pH 8.0, 100 mM NaCl, 5 mM MgCl 2 , 0.5 mM EDTA, 1 mM ATP, 1 mM DTT, 10% Glycerol, 0.5% IGEPAL CA630, 0.3% Triton X-100) for 20 min at 4°C.
Lysates were clarified by centrifugation for 10 min at 10,000 x g and the protein A. U2OS-α4-GFP cells were transfected with either si-Luc, si-PA28γ or si-HP1β. One day later, the expression of α4-GFP was induced, and cells were recovered 48 hours after siRNA treatment. Immunostaining was performed to detect PA28γ (red) and HP1β (magenta) in cells treated with the indicated siRNAs. Representative images are shown (left). Scale bar, 10 µm.
Figure legends
The percentage of cells with α4-GFP foci is shown in the bar graph (right). Error bars derived from 3 independent experiments represent the mean ± SD, n > 47 cells per condition. Oneway ANOVA analysis showed a p-value = 0.0001 (****) for siRNA-PA28γ and -HP1β versus WT. In wild-type cells, HP1β binds H3K9me3 and recruits a fraction of PA28γ-20S proteasome complexes on chromatin to facilitate H4K20 methylation and heterochromatin compaction. In the absence of PA28γ (KO-PA28γ cells), H4K20 methylation is affected but not H3K9me3, HP1β is still recruited on chromatin, but is unable to trigger its compaction. Asynchronous U2OS and U2OS-KO-PA28γ cells were transiently transfected with GFP-HP1β construct. Twenty-four hours post-transfection, bright GFP-HP1β positive foci were photobleached with 488nm laser and fluorescence intensity recovery was measured over time.
Expanded view figure legends
The average FRAP profiles of GFP-HP1β in WT (black dots) and KO-PA28γ (red dots) cells were analysed and represented graphically; curves represented the mean ± SD from both cell lines, n = 25 and 32, respectively. The half-time of recovery (t ½) and the mobile fraction percentage were analysed using easyFRAP tool (https://easyfrap.vmnet.upatras.gr/.) (Koulouras et al, 2018) . 
APPENDIX
Appendix Supplementary Methods
Proteasome Activity Assay
Appendix Figure Supplementary
